PmHNL, a hydroxynitrile lyase from Japanese apricot ume (Prunus mume) seed was purified to homogeneity by ammonium sulfate fractionation and chromatographic steps. The purified enzyme was a monomer with molecular mass of 58 kDa. It was a flavoprotein similar to other hydroxynitrile lyases of the Rosaceae family. It was active over a broad temperature, and pH range. The N-terminal amino acid sequence (20 amino acids) was identical with that of the enzyme from almond (Prunus dulcis). Based on the N-terminal sequence of the purified enzyme and the conserved amino acid sequences of the enzymes from Pr. dulcis, inverse PCR method was used for cloning of a putative PmHNL (PmHNL2) gene from a Pr. mume seedling. Then the cDNA for the enzyme was cloned. The deduced amino acid sequence was found to be highly similar (95%) to that of an enzyme from Pr. serotina, isozyme 2. The recombinant Pichia pastoris transformed with the PmHNL2 gene secreted an active enzyme in glycosylated form.
PmHNL, a hydroxynitrile lyase from Japanese apricot ume (Prunus mume) seed was purified to homogeneity by ammonium sulfate fractionation and chromatographic steps. The purified enzyme was a monomer with molecular mass of 58 kDa. It was a flavoprotein similar to other hydroxynitrile lyases of the Rosaceae family. It was active over a broad temperature, and pH range. The N-terminal amino acid sequence (20 amino acids) was identical with that of the enzyme from almond (Prunus dulcis). Based on the N-terminal sequence of the purified enzyme and the conserved amino acid sequences of the enzymes from Pr. dulcis, inverse PCR method was used for cloning of a putative PmHNL (PmHNL2) gene from a Pr. mume seedling. Then the cDNA for the enzyme was cloned. The deduced amino acid sequence was found to be highly similar (95%) to that of an enzyme from Pr. serotina, isozyme 2. The recombinant Pichia pastoris transformed with the PmHNL2 gene secreted an active enzyme in glycosylated form.
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Cyanogenesis is the ability of plants to release hydrogen cyanide (HCN) into cells. It is considered a mechanism protecting plants from attack by fungi and predators.
1) The function of hydroxynitrile lyases (HNLs) in vivo is the cleavage of cyanohydrins. The in vitro reversibility of this reaction enables stereoselective condensation of HCN with aldehydes or ketones yielding cyanohydrins (Fig. 1) .
2) The enzyme has attracted much attention due to the possibility of application in industrial chiral synthesis, and HNLs from various plants have been purified and characterized. Depending on their stereo preferences for asymmetric cyanohydrin synthesis, HNLs are often divided into two classes: (S)-HNL and (R)-HNL. (S)-HNLs are found and investigated in Ximenia americana (XaHNL), 3) Manihot esculenta (MeHNL), 4) Hevea brasiliensis (HbHNL), 5) and Sorghum bicolor (SbHNL). 6) (R)-HNLs are Phlebodium aureum (PhaHNL), 7) Linum usitatissimum (LuHNL), 8, 9) Arabidopsis thaliana (AtHNL), 10) and Pr. serotina (PsHNL), [11] [12] [13] and the most widely investigated HNL is from Pr. dulcis (amygdalus) (PaHNL). [14] [15] [16] [17] [18] [19] [20] Among these, cDNA genes of MeHNL, HbHNL, SbHNL, LuHNL, AtHNL, PsHNL, and PaHNL have been cloned, and some of them expressed in microbial hosts. According to FAD content, (R)-HNLs can be divided into two groups: flavoprotein and nonflavoprotein HNLs. Flavoprotein HNLs are found in two subfamilies of the Rosaceae family (PsHNL and PaHNL), whereas non-flavoprotein HNLs have been found in several higher plants (PhaHNL, LuHNL, and AtHNL). Flavoprotein HNLs consist of a homogeneous group of proteins. They often differ in size, extent of glycosylation, subunit composition, and substrate specificity. It was found that there exist more than 90% amino acid sequence homologies between the deduced amino acid sequence of PsHNL and each of PaHNL isozymes. A considerable amount of data from biochemical and structural studies are available for PaHNL. [14] [15] [16] [17] [18] [19] Recombinant PaHNL isozyme 5 (PaHNL5) is secreted to the culture supernatant of Pi. pastoris, which can be used directly in biocatalytic conversion. 20) We have discovered seven new HNLs by screening for new HNLs in several cyanogenic plants available in Japan and its vicinity. 21) Among these, HNLs from Eriobotrya japonica (EjHNL), 22, 23) the Maloideae subfamily of the Rosaceae family, and from Passiflora edulis (PeHNL) 24) of Passifloraceae were purified to homogeneity and their enzymatic properties were characterized. Pr. mume (Japanese apricot, ume) is a flowering fruit tree. It produces ume fruit round in shape and 1-3 inches in length. The ripened fruit is yellowish red and has a fleshy covering. The seed of the fruit has a soft kernel inside a hard upper layer. It is a cyanogenic plant and the seed contains cyanogenic glycosides and amygdalin. 25) The diglycoside amygdalin was the first member to be isolated as a new class of natural compounds now known as cyanogenic glycosides. Because it was isolated from Pr. dulcis, it was named amygdalin, and has subsequently been found to be widespread in seeds of y To whom correspondence should be addressed. Tel: +81-766-56-7500 ext 530; Fax: +81-766-56-2498; E-mail: asano@pu-toyama.ac.jp Abbreviations: HNL, hydroxynitrile lyase; PmHNL, hydroxynitrile lyase from Prunus mume other members of Rosaceae, 26) apples (Malus sp.), peaches (Pr. persica), apricots (Pr. americana), black cherries (Pr. serotina), and plums (Pr. sp.).
(R)-HNL of Pr. mume (PmHNL) shows excellent synthetic potential for the asymmetric synthesis of cyanohydrins in organic media. This new enzyme accepts a broad array of substrates, ranging from aromatic, heteroaromatic, of bicyclic to aliphatic carbonyl compounds, and it yields the corresponding cyanohydrins with excellent enantioselection. 27, 28) Optically active cyanohydrins are building blocks for the total synthesis of several biologically active natural products. 29) If PmHNL can be prepared in sufficient amounts by the gene expressed in microbial hosts, it should be useful in the production of chiral synthetic, with potential for asymmetric synthesis.
In this paper, we describe the purification and characterization of a new (R)-HNL from Pr. mume seeds. We also report cDNA cloning of a gene, encoding putative PmHNL isozyme (PmHNL2), which had a different N-terminal amino acid sequence from plant enzyme and was expressed in Pi. pastoris. PmHNL2 was secreted from Pi. pastoris transformant with (R)-HNL activity.
Materials and Methods
Plant materials. Mature ume fruit (Pr. mume Nanko) was purchased at a local fruit market in Toyama Prefecture, Japan in April and May of 2005 and 2006. For mRNA extraction, the brown seed coat of the kernels were manually peeled off, and the seeds were germinated up to 10 cm in height using expanded vermiculite for about 2 months under normal daylight and moisture conditions. The seedlings were frozen in liquid nitrogen and stored at À80 C, or were used immediately for RNA isolation.
Chemicals. Amino acid modifying agents were purchased from Sigma Japan (Tokyo, Japan). Protein standards for gel filtration and SDS-PAGE were from Bio-Rad Laboratories (Hercules, CA). DEAEToyopearl 650M was from Tosoh (Tokyo). (R)-Mandelonitrile and racemic mandelonitrile were from Sigma-Aldrich (St. Louis, MO), and were stored at À20 C. Hydroxyapatite, KCN, and endoglycosidase H were from WAKO chemicals (Osaka, Japan). Enzyme solutions were concentrated with an Amicon centrifugal filtration unit from Millipore (Bedford, CA). Isolation of total RNA was done using an RNeasy Plant Mini kit (Qiagen, Hilden, Germany). Oligo dT-primed DNA was prepared with a cDNA synthesis kit 1st strand with AMV reverse transcriptase (Takara, Ohtsu, Japan) following the manufacturer's recommendations, and cloned in pT7blue vector (Merck, Tokyo).
Enzyme assay. Enzyme activity was assayed by the method described in our previous report.
21 ) The reaction mixture comprised, in 1 mL, 300 mmol of citrate buffer (pH 5.0), 50 mmol of benzaldehyde, 100 mmol of potassium cyanide, and 100 mL of enzyme which was incubated at 25 C for 5 min. One unit of enzyme activity was defined as the amount of enzyme that produces 1 mmol of optically active mandelonitrile from benzaldehyde per min under the assay conditions. Enzyme preparation. Crude PmHNL was prepared by the method described in our previous report. 21) Proteins precipitating with 30% saturated ammonium sulfate were collected by centrifugation (18;800 Â g, 20 min, 4 C), dissolved in a minimum volume of 10 mM potassium phosphate buffer (pH 6.0), and dialyzed against the same buffer with 3 changes. Then, the dialyzed solution was centrifuged and the supernatant was loaded onto a pre-equilibrated (with 10 mM of potassium phosphate buffer, pH 6.0) DEAE-Toyopearl column (4:2 Â 50 cm). The bound materials were eluted with a 500 mL gradient of 0.1 M to 0.5 M of NaCl in 100 mM of potassium phosphate buffer at a flow rate of 1.0 mL/min. The active fractions are easily identified by their yellow color due to the presence of FAD. Active fractions from the DEAE-Toyopearl column were combined and dialyzed against 10 mM of potassium phosphate buffer with 3 changes for 24 h. The dialyzed solution was then concentrated with an Amicon centrifugal filtration device (Millipore, Bedford, CA). The concentrated PmHNL solution was then brought to 30% ammonium sulfate saturation and loaded onto a Phenyl-Toyopearl column (4:2 Â 30 cm) that had been equilibrated with 10 mM of potassium phosphate buffer containing 30% saturated ammonium sulfate. The bound proteins were eluted with a 400 mL gradient of ammonium sulfate at 30 to 0% saturation in the 10 mM potassium phosphate buffer. The active fractions were combined and dialyzed 24 h with three changes of the same buffer and finally concentrated with the Amicon device. A second DEAE-Toyopearl chromatography was carried out by the same method as the first. The protein samples obtained at the previous step were applied to a column of Superdex 200 HR 10/30 (GE Healthcare, Tokyo) equilibrated with 10-mM of potassium phosphate buffer containing 150 mM of NaCl. The column was eluted by FPLC at 0.5 mL/min, and the active fractions were collected.
SDS polyacrylamide gel electrophoresis (SDS-PAGE) analysis.
SDS-PAGE was performed by the method of Laemmli 30) using an electrophoresis unit supplied by Atto (Tokyo). Samples were boiled for 10 min in the presence of 10% SDS, 2-mercaptoethanol, and bromophenol blue. The gels were stained with Commassie Brilliant Blue. The following molecular mass marker proteins were used: phosphorylase-b (97.4 kDa), serum albumin (66.2 kDa), ovalbumin (45.0 kDa), carbonic anhydrase (31.0 kDa), trypsin inhibitor (21.5 kDa), and lysozyme (14.4 kDa).
Estimation of apparent molecular mass. The apparent molecular mass of PmHNL was established by gel-filtration chromatography. The pure enzyme solution was loaded onto TSK-Gel G3000 SW (Tosoh, Tokyo). The column was eluted with 100 mM potassium phosphate buffer containing 0.2 M NaCl (pH 7.0) at a flow rate of 0.7 mL/min. It was calibrated with the following protein standards:0 glutamate dehydrogenase (290 kDa), lactate dehydrogenase (142 kDa), enolase (67.0 kDa), myokinase (32.0 kDa), and cytochrome c (12.4 kDa).
UV and visible spectra. The absorption spectra were recorded on a Jasco V-530 UV and Vis spectrophotometer (Tokyo) using a 1-cm path length. The enzyme was analyzed in 50 mM potassium phosphate buffer containing 200 mM NaCl (pH 6.0).
N-Terminal amino acid sequencing. The N-terminal amino acid sequence of the purified enzyme was determined with a HP G1005A Protein Sequencing system by Apro Science (Tokushima, Japan).
Cloning of the genomic DNA encoding (R)-HNL from Pr. mume. N-Terminal amino acid sequence (20 residues) analysis of a PmHNL suggested a possible identity of the enzyme with PaHNL1. Genomic DNA was isolated from seedlings of Pr. mume using DNeasy Plant Mini Kit (Qiagen). Figure 2 shows the cloning strategy of this study, and the primers used are listed in Table 1 . At step 1, the upstream part (1-1,737 bp of the PmHNL gene) of the coding region of PmHNL2 was amplified by PCR using primer 1 and primer 2. Primer 1 was designed on basis of the hnl1 pa (the gene encoding PaHNL1) and the primer containing the ATG start codon. Primer 2 was designed on the basis of the conserved amino acid sequences from the crystal structure based sequence alignment of PaHNL1, 19) and on the sequence including FAD-binding interactions (W495 and Y497) and putative active-site (Y494 and H496) residues. The reaction mixture of PCR contained Characterization of a New (R)-Hydroxynitrile Lyase from Prunus mume0.25 mL of Takara Ex Taq (5 unit/mL), 5 mL of 10 Â Ex Taq buffer, 4 mL of dNTP mixture (2.5 mM each), 2 mL of Primer 1 (100 pmol/mL), 2 mL of Primer 2 (100 pmol/mL), 1 mL of the extracted genomic DNA (50-100 ng/mL), and 35 mL of sterilized water. Thirty cycles were performed, each consisting of a denaturation step at 98 C for 10 s, an annealing step at 55 C for 30 s, and an extension step at 72 C for 2 min. The amplified PCR product was separated by agarose-gel electrophoresis, purified with a Gel-MÔ gel extraction kit from Viogene (Sunnyvale, CA), and then ligated into pT7blue vector using T4 ligase (New England Biolabs Japan, Tokyo). Nucleotide sequence analysis of the inserted fragment was performed using an ABI PRISM 310 Genetic Analyzer (Applied Biosystems Japan, Tokyo). At step 2, part of the downstream of the PmHNL2 gene (1,738-2,123 bp) was amplified by inverse PCR using primer 3 and primer 4. Genomic DNA of Pr. mume was digested with HindIII, and self-ligation of the DNA fragments was carried out using T4 ligase overnight. The self-ligated DNA was used for template DNA on inverse PCR. The reaction mixture and program of PCR were same as above mentioned, except for the primers and template DNA. An amplified DNA fragment of the inverse PCR product was analyzed by the method described above. At step 3, full-length of genomic DNA encoding PmHNL was amplified using primer 1 and primer 5. The nucleotide sequence data reported in this paper is to appear in the DDBJ/EMBL/GenBank nucleotide sequence database with accession no. AB455102. The deduced amino acid sequence of the enzyme was analyzed by BLAST searches of the database at National Center for Biotechnology Information.
cDNA cloning of PmHNL2. Total RNA was prepared from Pr. mume seedlings grown for about 2 months. First-strand cDNA was synthesized directly from total RNA using cDNA synthesis Kit 1st strand with AMV reverse transcriptase (Takara). First, 5-10 mg of total RNA extract and 0.025-0.05 mg of Oligo dT primer were heated in the presence of sterilized water in a final volume of 17 mL at 70 C for 10 min, and then were chilled on ice. One mL of 25 mM dNTP mixture, 1 mL of RNase inhibitor, 4 mL of AMV reverse transcription buffer (250 mM Tris-HCl pH 8.3, 375 mM KCl, 15 mM MgCl 2 ), and 1 mL of AMV reverse transcriptase (5 unit/mL) were added to the mixture. Reverse transcription was performed at 42 C for 60 min, and was stopped by placing the vial on ice.
The PCR mixture contained 0.2 mL of Takara Ex Taq (5 unit/mL), 5 mL of 10 Â Ex Taq buffer, 4 mL of dNTP mixture (2.5 mM each), 2 mL of primer 1 (100 pmol/mL), 2 mL of primer 5 (100 pmol/mL), 1 mL of Step 1
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Step 4 the first-strand cDNA (50-100 ng/mL), and 35 mL of sterilized water. Thirty cycles were performed, each consisting of a denaturation step at 98 C for 10 s, an annealing step at 55 C for 30 s, and an extention step at 72 C for 2 min. The amplified cDNA was separated by agarose-gel electrophoresis, purified with a Gel-MÔ gel extraction kit (Viogene, Sunnyvale, CA), and then ligated into pT7blue vector using T4 ligase. The nucleotide sequence data reported in this paper is to appear in the DDBJ/EMBL/GenBank nucleotide sequence database under accession no. AB455101. The deduced amino acid sequence of the enzyme was analyzed by BLAST searches of the database at National Center for Biotechnology Information. We labeled the gene PmHNL2, because the N-terminal amino acid sequence deduced from the cDNA was different from that of the purified enzyme and the cloned gene sequence was similar to the PsHNL2 gene.
Expression of the PmHNL2 gene in Pi. pastoris GS115 and purification of the recombinant enzyme. To express the PmHNL2 gene in Pi. pastoris, plasmid pPICZA (Invitrogen) was used. For PCR amplification of the gene, primer 6 and primer 7 were used (Table 1) . Primer 6 and primer 7 contained a SfuI and an ApaI site respectively. PCR was performed under the same conditions, described above. Because the PmHNL2 gene had three SfuI restriction sites, the amplified DNA fragment was partially digested with an appropriate amount of SfuI enzyme purified to the appropriate size (1,728 bp) from agarose gel, and was ligated into pPICZA to yield the expression vector. Pi. pastoris GS115 was used as host strain. Transformation of Pi. pastoris GS115 with the expression vector pPIC-pmhnl2 was done following the Easyselect Pichia Manual (Invitrogen). The transformant was cultured as follows: Single colonies were grown in 5 mL of YPD medium containing 100 mg/mL of zeocine (Invitrogen) with shaking (200 rpm) at 30 C. After 24 h of cultivation, 5 mL of the culture medium was added to 500 mL of BMGH medium (100 mM of potassium phosphate buffer at pH 7.0, 1.34% yeast nitrogen base without amino acid, 4 Â 10 À5 % biotin, 0.004% histidine, and 1% glycerol) in a 2-L Erlenmeyer flask with baffle, and cultured with shaking (150 rpm) at 28 C for 2 d. Cells were collected by centrifugation (4;000 Â g, 5 min, 4 C) and transferred into the same volume of BMMH medium (100 mM of potassium phosphate buffer pH 7.0, 1.34% yeast nitrogen base without amino acid, 4 Â 10 À5 % biotin, 0.004% histidine, and 0.5% methanol) and cultured with shaking (150 rpm) at 28 C. Methanol as an inducer was added to the culture medium every 24 h. The total cultivation time was 72 h from start of induction, and the culture medium was centrifuged at 4;000 Â g for 5 min at 4 C. The supernatant (4 L) of the culture medium was concentrated by amicon centrifuge column up to approximately 1.0 mg of protein/mL. The concentrated enzyme was applied to a DEAE-toyopearl open column (7:0 Â 10 cm) equilibrated with 20 mM potassium phosphate buffer (pH 7.0). The unbound fraction was collected and applied to a hydroxyapatite column (0:8 Â 1:0 cm) equilibrated with 20 mM potassium phosphate buffer (pH 7.0). The unbound fraction was collected and dialyzed with the same buffer for 24 h.
Endoglycosidase H treatment. Purified PmHNL2 (2.0 mg/mL) from the Pi. pastoris transformant was boiled for 5 min in a 50-mM sodium citrate buffer (pH 5.0). After cooling, the sample was mixed with an equal volume of 50 mM sodium citrate buffer (pH 5.0) containing 0.02 unit of endoglycosidase H or the same buffer without endoglycosidase H, and sequentially incubated at 37 C for 24 h. After incubation, the samples were analyzed by SDS-PAGE.
Results

Purification of PmHNL
PmHNL was purified 24.4-fold with a 14.6% recovery yield ( Table 2 ) after ammonium sulfate fractionation and three column chromatographies (DEAE-Toyopearl, Phenyl-Toyopearl, and Superdex 200 10/30). The purified enzyme catalyzed the conversion of benzaldehyde to (R)-mandelonitrile at 220 unit/mg under standard conditions. Fractions containing active PmHNL showed a yellow color throughout column chromatography. The purified PmHNL gave a single protein band on SDS-PAGE, with a molecular mass of about 58.1 kDa (Fig. 3A) . The molecular mass of the enzyme as determined by high performance gel chromatography on Superdex 200 10/30 was 57.0 kDa, indicating that the native enzyme was active as a monomer.
Enzymatic properties of PmHNL
The enzyme showed a typical flavoprotein spectrum (Fig. 3B) . Absorption maxima were observed at 389 nm and 463 nm. As expected, treatment with sodium dithionite caused an increase at 389 nm and a decrease at 463 nm.
The properties of PmHNL were determined using (R)-mandelonitrile as substrate. The influence of various chemical additives as amino acid modifiers on the enzymatic activity of PmHNL was measured. Various compounds at a final concentration 1 mM or 10 mM were added to the reaction mixture, and enzyme activity was detected by HPLC. The enzyme was strongly inhibited by iodoacetic acid, 2-iodoacetamide, Ag þ , and Hg 2þ . The activity of the enzyme was also affected by the presence of 1 mM of diethylpyrocarbonate, phenylmethane sulfonylfluoride (PMSF), NH 2 OH, and 10 mM of p-chloromercuribenzoic acid (PCMB). Ethylenediamine tetraacetic acid, ethylene glycol tetraacetic acid, NaF, o-phenanthroline, 2,4-dinitro-1-thiocyanato-benzene (DNTB), NaN 3 , 2-mercaptoethanol, dithiothreitol (DTT), phenylhydrazine, Triton, 2,2-bipyridyl, N-ethylmaleimide (NEM), and D-cycloserin had no effect on the enzyme activity.
The enzyme was active over broad temperature and pH ranges, with maximum activity between 25-35 C and a pH optimum at 4.5.
N-Terminal amino acid sequence analysis
The N-terminal amino acid sequence of PmHNL was found to be L-
A BLAST search of the protein database indicated that the N-terminal amino acid sequence of the enzyme was identical to that of (R)-oxynitrile lyase isoenzyme 1 from Pr. dulcis. 19) All HNLs from the Pr. sp. investigated possessed an N-terminal signal sequence, consistently with the known localization of HNL.
Cloning and sequencing of the PmHNL2 gene In order to confirm the sequence, genomic and cDNA of PmHNL2 were sequenced for five clones, and were found to be identical. The location and sequence of introns on PmHNL2 gene are shown in Fig. 4A . A 2,123-bp DNA fragment starting at ATG and terminating at the TAG codon was found in the nucleotide sequences encoding PmHNL2 on the genomic DNA of Pr. mume. The nucleotide sequence of the composite PmHNL2 cDNA and its derived amino acid sequence are shown in uppercase letters. A putative polyadenylation signal (AATAAA) was located 90 nucleotides downstream of the TAG stop codon. The open reading frame encoded a polypeptide of 576 amino acids. The calculated molecular mass of the enzyme was 62,751 Da. Alignment with the PmHNL2 cDNA indicated that this genomic sequence contained the complete protein-coding region. The coding region of the PmHNL2 gene (1,731-bp) was interrupted by three introns (118, 143, and 131-bp).
The genes encoding the flavoprotein HNLs from Pr. dulcis and Pr. serotina were cloned with their five isozymes.
13) The alignment of the PmHNL2 protein sequence compared with the PsHNL2, PaHNL1, and PaHNL5 sequences, deduced from the respective cDNAs, is shown in Fig. 4B . The primary structure of PmHNL2 was found to have 95%, 77%, and 75% sequence homology with the PsHNL2, PaHNL1, and PaHNL5 amino acid sequences respectively. The PmHNL2 protein sequence appeared to have a signal peptide of 28 amino acid residues, because it was not found in the N-terminal amino acid sequence of the purified protein. The N-terminal amino acid sequence deduced from the cDNA was different from that of the purified enzyme (T3N, D6A, S13E, A15V, and T19N).
Expression of PmHNL2 in Pi. pastoris GS115 and purification of the recombinant enzyme
The recombinant enzyme was purified from the culture supernatant of the Pi. pastoris GS115 transformant, as described in ''Materials and Methods,'' and was used for (R)-hydroxynitrile lyase assay. The purified enzyme (0.51 mg) was obtained from one liter of the culture supernatant. The enzyme showed a specific activity of 129 unit/mg for the synthesis of (R)-mandelonitrile. The K m value of the recombinant enzyme was calculated to be 5.3 mM toward benzaldehyde as substrate. The V max value of the enzyme was calculated to be 166 unit/mg. On SDS-PAGE analysis, a broad band of glycosylated PmHNL2 appeared at about 97.0 kDa as compared with molecular mass marker. After endoglycosydase H treatment, the band appeared at about 62.0 kDa in the non-glycosylated status (Fig. 5 ).
Discussion
Here we discuss the purification, characterization, cDNA cloning, and gene expression in Pi. pastoris of a new (R)-HNL from Pr. mume. SDS-PAGE of PmHNL indicated that the enzyme exists as a monomeric protein with a single isozyme. In a gel filtration chromatogram, PmHNL eluted as a single, highly symmetrical peak, indicating that it exists in a stable monomeric state. This is unusual in that HNLs from other Prunoideae sources exhibit the existence of several isozymes (PaHNL contains five isozymes, and PsHNL also contains five isozymes). The stability of purified PmHNL was checked routinely, and it was observed that PmHNL retained its activity for a long time (after 6 months of storage at 4 C, the purified PmHNL exhibited only a 10% loss of its original activity). The apparent molecular mass of flavoprotein HNLs from Rosaceae species generally lies in a range of 50-80 kDa. From Table 3 , it was observed that the activity of PmHNL was strongly inhibited by the presence of iodoacetic acid, 2-iodoacetamide, Ag þ , and Hg 2þ , indicating that the cysteine residue of the enzyme is involved in the catalysis of PmHNL. The activity of PmHNL was also affected by PMSF, a serine modifying agent. Diethyl pyrocarbonate, capable of interacting with the imidazole moiety of the histidine residue, also inhibited the activity of PmHNL, indicating the involvement of histidine in the catalysis of PmHNL. The other additives tested, several metal ions, reducing agents, and chelating agents, had no effect on the activity of PmHNL. These results indicate that the active site of the enzyme has cysteine, serine, and histidine, as found for the crystal structure of PaHNL isozyme 1.
18) The enzyme was also inhibited by Hg 2þ , and its active site has a cysteine residue (Cys328). Three Hg 2þ binding sites near the FAD caused inhibition of HNL activity, and inhibition of HNL activity by the formation of a sulfite adduct at the N atom of the isoalloxazine ring in the active site of PaHNL.
18) Based on the results of UV and visible spectra analyses of PmHNL, the enzyme has FAD as a cofactor.
In this study, seedlings of Pr. mume were used to extract mRNA after germination, as described in ''Materials and Methods.'' As far as we know, there has been no reference on germination from kernels of Pr. mume. We discovered that it is possible to obtain germinated seedlings from kernels only when their brown coatings were peeled off. Several attempts were made to extract mRNA from the bodies of Pr. mume. cDNA was successfully synthesized from mRNA from the leafs, stems, and germinated seedlings of peeled kernels, although not of the roots nor kernels. The gene encoding PmHNL2 was cloned from genomic DNA and cDNA from Pr. mume seedlings. On the genomic DNA, the PmHNL2 gene had three short introns. The high AT contents of three introns (64.7, 72.0, and 71.0% respectively) of the PmHNL2 gene conforms to the AT rich bias of introns of other dicotyledonous plant genes, 31) whereas the exon-intron junction sequences of the three introns agreed with the GT-AG rule for RNA splicing. A, PmHNL2 cDNA is shown in uppercase letters. The amino acid sequence of the ORF is shown in a single-letter code below the nucleotide a sequence, with the putative signal peptide in italics. The stop codon is indicated by an asterisk. B, P. mume HNL (PmHNL2), P. serotina HNL isozyme 2 (PsHNL2, O50048), P. dulcis HNL isozyme 1 (PaHNL1, AAL11514), and P. dulcis HNL isozyme 5 (PaHNL5, AAP84580). Black boxes enclose amino acid residues that are identical in at least three sequences. The arrow shows potential glycosylation patterns (Asn-X-Ser/ Thr). The shaped box shows putative conserved amino acid sequences (YWHYHGG) in Prunus sp. HNL.
The N-terminal amino acid sequence deduced from the cDNA of PmHNL2 was different from the purified enzyme in this study, suggesting that Pr. mume has several isozymes, similarly to the (R)-HNLs from other members of plant family Rosaceae, including Pr. dulcis and Pr. serotina (both have five isozymes). Additionally, two other putative PmHNL genes (PmHNL3 and PmHNL4) were cloned from the genomic DNA of Pr. mume. Despite our attempts, expression of these isozymes in E. coli and Pi. pastoris was not successful (data not shown). The gene encoding PmHNL2 was expressed in Pi. pastoris as a highly glycosylated secretory protein with a broad band appearance on SDS-PAGE. Enzyme activity of 209 unit/L of culture supernatant was measured in a cyanohydrin synthesis reaction using benzaldehyde and HCN as substrates, which corresponds to the amount of enzyme that can be isolated from 0.8 kg of plant materials. As Fig. 5 shows, that the recombinant PmHNL2 was highly glycosylated, because the observed molecular mass of 97 kDa was shifted to 62 kDa. Pi. pastoris utilizes most of the posttranslational modification pathway typically associated with higher eukaryotes. Provided that the proteins secreted carry the appropriate sites for N-linked glycosylation, secretion in the yeast is accompanied by the addition of core oligosaccharides on an asparagines residue of nascent polypeptide in the recognition sequence of Asn-X-Ser/Thr. 33) In the case of PmHNL2, the enzyme has 16 sites of potential glycosylation patterns (Fig. 4B) .
''Hydroxynitrile lyase'' is a general term referring to enzymes categorized in three groups. First, mandelonitrile lyase (EC 4.1.2.10) catalyzes the natural substrate (R)-or (S)-mandelonitrile and is found in X. americana (S stereo selective), 3) Pr. subfamily (R stereo selective), 11, 16) E. japonica (R), 22) and M. americana (R). Secondly, hydroxymandelonitrile lyase (EC 4.1.2.11) utilizing (S)-4-hydroxymandelonitrile as a natural substrate has been reported only for Sorghum bicolor.
6)
Acetone cyanohydrin lyase (EC 4.1.2.37), the third enzyme, found in L. usitatissimum (R), 8, 9) in M. exculenta (S), 4) and in H. brasiliensis (S). 5) The characteristics of PmHNL are as follows: It contains FAD as a cofactor, is inhibited by sulfhydryl reagents, and shows high sequence homology with PsHNL and PaHNL. Furthermore, it utilizes (R)-mandelonitrile as a natural substrate, possibly acting on the amygdalin occurring in Pr. mume seeds. 25) Considering the properties of PmHNL, we propose that it can be classified as a (R)-mandelonitrile lyase (EC 4.1.2.10) as well as the other HNLs of the Rosaceae family.
The new enzyme accepts a broad array of substrates ranging from aromatic, heteroaromatic, and bicyclic to aliphatic carbonyl compounds, and yields the corresponding cyanohydrins with excellent enantioselection. Our previous study was directed towards finding new substrates for PmHNL and formulating an effective model to explain the minimum requirements needed to be an efficient HNL substrate. The fundamentals of the PmHNL preparation are now well established, because this useful enzyme was produced in the microbial host Pi. pastoris.
